Rationale and Objectives-To investigate the effects of choosing between different metrics in estimating the size of pulmonary nodules as a factor both of nodule characterization and of performance of computer aided detection systems, since the latters are always qualified with respect to a given size range of nodules.
Introduction
Accurate and reliable measurement of pulmonary nodule size from CT scans has an important role in computer assisted evaluation of lung lesions. It is a key factor in the diagnosis of lung cancer as the estimation of nodule growth rates serves as a predictor of malignancy; size change can also be used to assess the efficacy of a therapeutic treatment. Additionally, nodule sizing is a critical aspect of computer assisted diagnosis (CAD) systems, and in particular their detection sub-systems, because they are always qualified with respect to a given size range of nodules. The usual approach is to characterize a system based on its performance on a subset of images from a documented image database having a specified size range. In the context of spatial extent for a three-dimensional object without restrictions on shape, the size is best expressed by the volume occupied by that object. However, other important considerations in choosing a method for estimation of size also include the imaging modality and the time available to the physician. Image modalities may be only two-dimensional or highly anisotropic with regards to the third dimension. Manually measuring the lesion volume involves inspecting all images that include the lesion -a process that is very time consuming. To provide a standard method for lesion size measurement, the World Health Organization (WHO) proposed in 1979 the use of the product of the maximal diameter and its largest perpendicular [1] , while the Response Evaluation Criteria in Solid Tumors (RECIST) working group in 1998-2000 proposed the use of the (uni-dimensional) maximal diameter as a more efficient standard estimator of lesion volume [2] . Another measure that has been seen in some present studies, [3, 4] , is the bi-dimensional Modified Schwartz equation (MS), first introduced by Usuda et al. in 1994 [5] . This measure is similar to the WHO measure in using the maximal diameter and its largest perpendicular, but differs from WHO because the lesion is assumed to be an ellipsoid with a long axis equal to the lesion maximal diameter and with equal-length short axes equal to the largest perpendicular.
Addressing the problem from a different perspective is the active interest in developing computer assisted methods that will aid the physician in measuring the size of lesions using volumetric methods [6] [7] [8] [9] [10] [11] . The challenge here is how to calibrate and validate such methods. Currently, for images of real lesions the only accepted method to establish their size is based on annotations performed by expert radiologists.
In 2000 the National Institutes of Health launched a cooperative effort, known as the Lung Image Database Consortium [12] , to construct a set of annotated lung images, especially lowdose helical CT scans of adults screened for lung cancer, and related technical and clinical data, for the development, the testing, and the evaluation of different computer-aided cancer screening and diagnosis technologies [13] . The LIDC developed a pulmonary nodule documentation process [15, 16] where expert radiologists marked the visible lesion boundary belonging to each lesion in all of the relevant axial images.
The LIDC annotation process did not require the expert radiologist to provide either uni-or bi-dimensional measurement, a technique commonly used in clinical practice. However, given the full boundary of the lesion as marked by the radiologist, we used computer algorithms to apply the rules from RECIST (uni-dimensional) and WHO (bi-dimensional) to provide estimates for the largest diameter and the largest perpendicular measures. We also computed volumetric-based measurements by processing the boundary documentations.
This paper addresses primarily the study of the absolute size of nodules, especially given its relevance to the CAD community, in two ways: by analyzing the variation between the expert markings and by comparing the fully three-dimensional volume measurements with the estimated RECIST, WHO and MS measurement methods, which involve a single twodimensional image.
Materials and Methods
The evaluation of the impact of different size metrics was carried out on 265 documented whole-lung CT scans, of which 197 had nodules documented with radiologists' boundaries. All of the 197 scans were acquired from multi-detector row CT scanners with pixel size ranging from 0.508 to 0.946 mm (average 0.66 mm) and an axial slice thickness ranging from 0.625 to 3.000 mm (average 1.7 mm, median 1.8 mm). The tube current ranged from 40 to 582 mA (average 177.5 mA, median 160 mA), tube voltage range was for more than half cases 120kVp with the remaining ones having voltages equal to 130kVp (8), 135kVp (23) , and 140 kVp (28). All the processing was performed on anonymized data, devoid of any identifying information in accordance to the Health Insurance Portability and Accountability Act (HIPAA) Privacy Rule [14, 15] , that was provided by the LIDC institutions after approval by their respective IRBs.
As per the LIDC process model [15, 16] , each scan was assessed by 4 experienced thoracic radiologists, using calibrated monitors with magnification capabilities and detailed reading rules (e.g. initial window and level setting of 1500 HU and −500 HU) as described in [16] . Within those rules, the radiologists were instructed to mark the entire boundary, in all the relevant axial scan images, of all the nodules they estimated to be greater than 3mm in diameter (for smaller nodules, which were not included in this study, just the central location was requested). The outer boundary was chosen to be made of those pixels that were just outside the region of the nodule. As some nodules have cavities or holes in them, radiologists could also draw inner boundaries when they wanted to express the fact that a portion of the sorrounding region did not belong to the actual nodule. All the markings are stored as families of sets of boundary pixels located in the axial image planes. A typical marking on a single image is illustrated in Figure 1 , where the radiologist drawn boundaries are superimposed to the CT scan image. Figure 2 shows in more detail the LIDC rules regarding the definition of the lesion region. Here, the original scan image is on the left while the marked image is on the right with the marker's boundary points shown in white and the region designating the marked lesion in black. The National Cancer Imaging Archive (NCIA) repository of the National Cancer Institute [17] makes available the CT scans that have been fully documented by the LIDC together with XML documentation files that contain the boundary points chosen by all of the expert radiologists.
All the scans and the XML files that were currently available as of this writing were imported and parsed to extract the radiologists' markings represented by outline information. For each nodule, the markings for each radiologist were converted, according to the LIDC process rules (e.g. the black inner region in Figure 2b ), into 3D binary occupacy images on which size measurements could be made. For example, a nodule that had been marked by just three of the four radiologists would have three corresponding 3D binary images, one for each radiologist.
The 3D images were used to compute the key values for the metrics under investigation: nodule volume, largest diameter and its largest perpendicular. The total lesion volume is estimated by counting the number of nodule pixels in each of the image slices and then multiplying their sum by the voxel volume [18] ; this method is frequently used in CAD tools. Pixels belonging to the excluded inner regions do not belong to the nodule region and therefore are not counted were computing the nodule volume. The largest diameter is determined as the maximum diameter, i.e. the largest rectilinear segment that completely lies within the nodule region (see Figure 3 ), among all the axial-planar subsets of the nodule; this measure is similar to RECIST [2] . The computer estimation of the RECIST measurement is illustrated in Figure 3a . The solid line is the largest diameter that can be placed in any axial image within the marked boundary. When lesions have cavities or holes in them, as it is possible in the LIDC database, additional care must be taken to estimated the largest diameter. As a hypothetical example, if the radiologist had marked the pixels within the nodule shown white with an x in Figure 3b , this would imply a hole for that region that the radiologist wished to exclude. For the RECIST criterion the diameter must be within the lesion and not include the cavity; therefore, the diameter shown by the solid line would be the newly computer-determined RECIST measurement for that lesion.
For the WHO and MS measurements the largest perpendicular is also computed by considering every diameter pixel to determine the largest sum of the two half-perpendiculars stemming from that pixel. For the WHO measurement the lesion area a is computed as π 4 lw whereas, according to the MS equation [5] , the lesion volume v is computed as being equal to π 6 l * w 2 ; in both cases, l is the largest diameter length and w is the length of its largest perpendicular.
For our statistical evaluation, each measure is made equivalent and directly comparable to the others by expressing its value in terms of the diameter of an equivalent sphere or circle according to the measure dimension. For any given volume estimate the equivalent diameter d of a sphere with the same volume is calculated using 2 3v 4π 3 , where the volume of the equivalent sphere is v = 4 3 π ( d 2 ) 3 . For any given area estimate the equivalent diameter d of a circle with the same area is calculated using 2 a π , where the area of the equivalent circle is a = π ( d 2 ) 2 . Hence, for the bi-dimensional and MS metrics, the measured size is equivalent to a diameter of lw and l * w 2 3 respectively, where l is the largest diameter length and w is the length of its largest perpendicular.
For the inter-reader variation, we considered only those nodules that had markings by all four radiologists. For those nodules we computed means and standard deviations based on radiologists' equivalent measurements. We also computed the smoothed estimators of the variation as a function of the nodule size.
For the metric comparison when multiple markings were available for a nodule, the median value of each size metric from these markings was used to represent the size for that nodule. From a preliminary analysis we observed that the measurement distributions were nonsymmentrical and possibly non-unimodal. Therefore, we chose to use a non-parametric method to estimate the probability density functions because they are more flexible and do not assume a known functional form; in particular, we selected kernel estimators that work by smoothing out the contribution of each observed data point over a local neighbourhood of that data point [19] . We determined the kernel estimates of the conditional distribution of the volume measurement given the uni-dimensional, bi-dimensional, and MS sizes. From the estimates of the conditional distribution, estimates of conditional highest density regions (HDR) [20] were computed. HDRs are subsets of the measurement values for which all the points inside a region have a higher probability density than all the points outside that region and they provide tight confidence intervals with superior coverage properties than their alternatives. From these we computed the 0.95 and 0.99 probability coverage regions to represent our comparative conditional distributions.
Results
The whole dataset contained 522 lesions for which boundaries were marked. Four nodules had diameters derived from their three-dimensional measures greater than 30 mm, (33, 36, 48, and 68 mm respectively) and were not considered in the analysis because they fell outside the LIDC nodule size range [16] . Of these 518 lesions only 127 were considered to be nodules greater than 3 mm by all four radiologists and, therefore, had four sets of boundary markings available.
The between reader variation was analyzed for 127 nodules with four readings each and threedimensional sizes ranging from 3.36 to 23.8 mm (average 9.01 mm, median 7.37 mm). Figure  4 shows the smoothed estimators for the four metrics (two data points fell outside the plot area for the uni-dimensional metric with values of (25.7,7.3) and (36.8,3.2), and one for the MS metric with values of (16.3,5.1)). For the three-dimensional metric 95% of estimated standard deviations were within the following range [0.49, 1.25]. For the uni-dimensional, bidimensional, and MS size metric most of the standard deviations (95%) were within the ranges [0.67, 2.55], [0.78, 2.11] and [0.96, 2.69] respectively. For the three-dimensional derived diameters, 2 nodules (1.6%) were not within two standard deviations while 15 nodules (11.8%), 13 nodules (10.2%), and 25 nodules (19.7%) had a standard deviation greater than two for the uni-dimensional, bi-dimensional, and MS metrics respectively. As an example, for the three-, uni-, bi-dimensional and MS size measurements of 10 mm, the estimated standard deviations were 0.85, 1.16, 1.18 and 1.39 respectively. If the size under consideration is 15 mm, then the estimated standard deviations are 1.09, 1.59, 1.54, and 1.79 respectively.
The full set of 518 nodules we considered for the metric comparison had nodule sizes, based on the three-dimensional metric, ranging from 2.03 to 29.4 mm (average 7.05 mm, median 5.71 mm); Figure 5 shows their size distribution. 452 nodules out of 518 (87.3%) met the recommendations of RECIST [2] . The remaining 66 nodules (average three-dimensional metric size 4.42 mm, median 4.60 mm) were technically too small with respect to slice thickness to meet the RECIST recommendations for measurement ( [2], Appendix 1); in detail 30 were on 16 scans with a slice thickness of 3.00 mm, 24 were on 15 scans with a slice thickness of 2.50 mm, and the remaining 12 on 11 scans with a slice thickness between 1.25 and 2.00 mm. The RECIST rule to skip inner holes was applied in 17 cases with an average relative decrease in length of 5.5% (median 4.5%) with respect to maximal segments that ignore the rule. Figure 6 shows the case where the change was the largest (4.11 mm, 16.5%) because of the inner region with the light boundary was marked as not being part of the nodule. Figure 7 shows HDRs for the three-dimensional metric with 95 and 99 percent coverage conditional on the uni-dimensional, bi-dimensional, and MS size measurements. The conditional medians are marked with dots. For example, if a radiologist reports a unidimensional size measurement of 10 mm, then the regions of probability coverage 0.95 and 0.99 with the smallest extent for the the three-dimensional metric measurement are the intervals [4.16, 11 .48] and [3.60, 12.21] respectively. If the 10mm measure was from a bi-dimensional measurement, then the region intervals would be [5.04, 12.77] and [3.65, 13 .29] respectively. In the case of the MS metric, they would be [5.33, 11 .61] and [4.24, 12.69] respectively. For comparison, if the 10mm measure is from the bi-dimensional metric, the regions of probability coverage 0.95 and 0.99 with the smallest extent for the MS metric are [10.62, 12 .61] and [10.54, 12 .63] respectively, which respectively represent a 74% and 78% relative decrease in the range of the measure estimation.
Discussion
The evaluation we performed on a set of 265 documented whole-lung scans focused on two aspects: (a) the inter-reader variability and its relationship to the analyzed metrics and (b) the level of agreement between the analyzed metrics.
Previous studies [21, 22] evaluated inter-and intra-observer variability on single image measures, either mono-or bi-dimensional, and they found considerable variability in those measures. Meyer et al. [23] took advantage of the boundaries drawn by six radiologists around 23 lung nodules to compute lung nodule volumes showing that radiologists' subjectivity is a major source of variability.
Our analysis of 127 pulmonary nodules found that reader subjectivity on boundary locations may propagate into a very large inter-observer variation of the size estimates. It is clear, as shown by Figure 4 , that the uni-dimensional, bi-dimensional, and MS size metrics have a slightly higher inter-observer variation than the three-dimensional metric. Additionally, the smoothed estimate of the three-dimensional metric variation starts lower and increases more slowly than the variation estimates of the uni-dimensional, bi-dimensional and MS metrics. One reason for this high variability is that, when the nodule has a complex shape, each radiologist may mark some boundary pixels as belonging or not belonging to the nodule region. This in turn is reflected in diameters and perpendiculars that can show significant differences in length as shown in Figure 8 .
As far as the comparison between metrics is concerned, a previous study by Van Hoe et al. in 1997 [24] compared five different measurement methods for change in lesion size between scans on CT images of liver metastases. The authors concluded that the three-dimensional methods were a viable alternative to two dimensional methods. Other studies on size change for treatment response assessment in lung cancer have compared uni-dimensional and automated three-dimensional measures [21] , uni-, bi-and three-dimensional measures [25, 26] , and manual bi-dimensional measures with an automated contour technique [27] . The studies that involved volume measurements concluded that there was poor agreement between volumetric-based measures and single image based methods.
Our analysis of 518 nodules, marked by at least one radiologist, showed that the differences between the single image measurements and the three-dimensional measurements are very large. The 0.95 and 0.99 probability coverage regions are very wide and their projections on the ordinate axis have large overlaps; moreover the intervals are not centered aroud the marginal values, implying an underlying bias or a size-dependent scaling factor between the measures as well.
Poor agreement between the three-dimensional and two-dimensional methods is commonly seen when the nodule does not conform to the approximately spherical or ellipsoidal assumptions that underlie the one and two dimensional measurements respectively. Examples of this are shown in Figures 9 and 10 . In Figure 9 the largest extent of the lesion is aligned with the axial dimension, hence the two-dimensional measurements under-estimates the threedimensional derived diameter while, in Figure 10 , the largest extent of the nodule is perpendicular to the axial dimension, hence the two-dimensional measurements over-estimates the three-dimensional derived diameter. In general, for the uni-dimensional metric we anticipated an over estimation of the three-dimensional value since it is a measure of maximal extent rather than mean extent in two dimensions. In the context of CAD algorithm evaluation the selection of the size metric may have an important impact. For example, consider that a CAD system is designed to detect pulmonary nodules larger than 6 mm; to evaluate this system we select from the documented database all nodules larger than 6 mm as the set of true positives. For the LIDC data set if we use the 6 mm size limit the number of nodules selected from the 518 total nodules is as follows: three-dimensional 228, uni-dimensional 310, bi-dimensional 197, and MS 242.
A further problem is the difference between the selected subsets. For example, if we compare the selections for the three-dimensional and bi-dimensional metrics, we find that 45 nodules in the three-dimensional metric list are not in the bi-dimensional metric list and 14 nodules that are in the bi-dimensional metric list are not in the three-dimensional metric list. The consequence is that the measured system sensitivity is reduced if different metrics for size cutoff are used for test set selection and CAD system implementation. Consider the perfect CAD system that will detect every nodule marked by the LIDC and that it uses the threedimensional metric for a 6 mm minimum size cutoff. If we test this system selecting from the LIDC cases also using the three-dimensional metric then all the nodules will be correctly identified for 100% sensitivity. However, if we test the same system with the selection by the bi-dimensional metric criterion then, of the 197 nodules, 14 will not be identified because they are considered to less than 6 mm; therefore, the measured sensitivity will be 183/197 or 95%. In addition 45 nodules only in the three-dimensional list would be considered as false positives. If the uni-dimensional metric had been used for selecting the test cases, then the measured sensitivity would be further reduced to 223/310 or 72%.
The selection of data subsets with size limits can only be directly compared if the same size metric is used in both cases. The LIDC plans to include a single size measure for each nodule in the database to facilitate the selection of unique repeatable size limited nodule subsets. This metric is not intended as a gold standard for nodule size. Further, when evaluating the performance of CAD detection algorithms any difference between the data selection metric and the algorithm size selection criterion needs to be considered. An example of a single image section of the markings provided by the LIDC database. An example of the LIDC rules in documenting nodules. On the left (a), the original image data is presented. On the right (b), the white boundary shows the actual boundary drawn by the radiologist that encloses the black inner region belonging to the nodule. This figure, on the left (a), describes graphically how the diameter and its largest perpendicular are computed as surrogates of radiologist actions. On the right (b), if the sub-region with the pixels marked with a cross were to be hypothetically removed from the actual nodule region, then the previous diameter would not be valid any longer and the new diameter with the relative largest perpendicular would have to be determined. The three-dimensional metric size would be affected, too, being computed on the decreased nodule volume. Scatter plot of the standard deviation versus means of four experts' measurements along with a non-parametric regression curve for three-dimensional (a), uni-dimensional (b), bidimensional (c), and MS (d) size estimates. The size distribution (according to the three-dimensional metric) of the full set of 518 nodules.
Fig. 6.
A nodule with an inner region marked by a light boundary. As the inner region and its boundary are not part of the nodule, the depicted segment cannot be considered a diameter by the RECIST rules. 95% and 99% HDRs for the three-dimensional metric size estimate conditional on the unidimensional metric (a), on the bi-dimensional metric (b), and on the MS metric (c). An example of variability among radiologists. Each image shows the slice where the largest diameter (dark line) and largest perpendicular (gray line) were determined according to the markings provided by each of the four radiologists (a-d). The first image (a) is on a different slice than the other three (b-d); this is possible since each slice selected for measurement is based on a radiologist's individual marking. A selected case where the three-dimensional size (10.0 mm) is greater than the uni-dimensional (8.3 mm), bi-dimensional (8.0 mm), and MS (7.9 mm) sizes. The tiled frames on the right hand of the figure show all the nodule regions, in consecutive axial slices, used to compute the threedimensional metric measure. The frame with dashed boundary is enlarged on the left hand of the figure to show the largest diameter (solid line) and its largest perpendicular (dotted line).
Fig. 10.
A selected case where the three-dimensional size (10.6 mm) is smaller than the uni-dimensional (21.7 mm), bi-dimensional (14.1 mm), and MS (12.2 mm) sizes. The tiled frames on the right hand of the figure show all the nodule regions, in consecutive axial slices, used to compute the three-dimensional metric measure. The frame with the dotted boundary is enlarged on the left hand of the figure to show the largest diameter (solid line) and its largest perpendicular (dotted line).
